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I . INTRODUCTION 
The work described here is  the beginning of a continuing project aimed 

a t  determining atomic and molecular t ransi t ion probabi l i t ies  of astrophysical 

i n t e re s t  i n  the vacuum ul t rav io le t .  

l i fe t ime experiment has been constructed and l i fe t ime determinations made for 

s t a t e s  of CO . 

A s  the first phase of the work a radiative 

+ 

L i 2  2 There are only three known electronic s t a t e s  of CO , X , A TI , and 

vibrational levels  have been found by BENNETT B 2x . Lifetimes of the A 

and DALBY(’) t o  range from 2.1 t o  2.9 

(comet-tail bands). 

B - X ,  ( f i r s t  negative system) and B - A, (BALDET-JOHNSON system). 

measurements have provided some of the most re l iab le  values of absolute t r ans i t i on  

probabi l i t ies  known, especially fo r  ions and chemically unstable species. See, 

fo r  example, the recent review on molecular t rans i t ion  probabili t ies by DALBY 

see i n  measurements on the A - X bands P 
The measurements reported here deal w i t h  the t ransi t ions 

Lifetime 

t ( 2 )  . 
Radiative l i fe t ime determinations have been of two types, the measurement 

of the time dis t r ibut ion of the emitted photons a f t e r  excitation, and the measure- 

ment of the frequency response (phase and amplitude) t o  sinusoidally varying 

excitation. An apparatus has been assembled which uses the phase shift method 

of l i fe t ime determination i n  which the s t a t e s  under study are  excited by a 

sinusoidally modulated electron beam rather  than the modulated l i gh t  beam usually 

used. 

excitation. 

electron beam but w i t h  an amplitude arid phase that i s  depenc?ent, upon the frequency 

of modulation and the l i fe t ime.  Other variations of the phase sh i f t  method of 

radiat ive l i fe t ime determination have recently been used successfully and well 

described by DE”l13Ef l (3 )  and by BRlWEEt and c o - ~ o r k e r s ( ~ ) .  The system has been 

b u D t  around a vacuum monochromator and can be used w i t h  a windowless detector. 

Excitation with electrons provides t ransi t ions -6zobtainable with photon 

The emitted phcton f lux  i s  thus modulated a t  the same frequency as the 
$ 

* 
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The phase s h i f t  method has no fundamental advantage over a time dis t r ibut ion ex- 

periment as the frequency response form of the data can be obtained by a Fourier 

analysis of the time dis t r ibut ion.  However, the phctor? source i s  operated 

continuously i n  the phase method and photons can be obtained a t  a much higher 

rate than i n  a pulsed system. The high photon r a t e  is  useful, especially fo r  the 

measurement of short l i fe t imes where fluctuations in the photomultiplier delay time 

m u s t  be averaged out. 
P 

The phase method uses narrow band (tuned) electronic 

equipment which has some advantages over the  pulse equipment generally used w i t h  

the time dis t r ibut ion type experiment. A s  we sha l l  see, the e f fec t  of the instru- 

mental frequency response i s  removed by the use of a reference t ransi t ion.  The 

present equipment has been constructed for use a t  several frequencies i n  order t o  

provide measurements of widely different l i fe t imes and to  f a c i l i t a t e  the detection 

of the presence of cascading t ransi t ions from higher states than the one under study. . 

The Phase Shi f t  Method 

We now review the time-frequency relatioE between excitation and radiation. 

If a simple upper s t a t e  i s  excited w i t h  a short pulse ( 6 
t = 0, it emits an average photon f lux  proportional t o  e -t/r , where 7 is  the 

- function) a t  time 

mean l i fe t ime of the upper state. Since the radiation has the time dependence of 

the upper s t a t e ,  we can speak unambiguously of the  l i fe t ime of the t ransi t ion.  If 

4 only  a small f ract ion of the atoms o r  molecules a re  excited; the excitation-to-output 

r e l a t ion  i s  l inear ,  so t ha t  the frequency response t o  a sinusoidal excitation 

iOt  is e 

the  Fourier transform of the time response t o  the 6 - function. This gives a 
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phase l a g  e given by 
-1 

e =  T - n  U T  

and an amplitude dependence of the output signal of 

(3) 

W e  see tha t  a t  an anmar frequency of 0 = 3 . 1 7  (cal led the corner frequency), 

w e  have a phase s h i f t  of 45' 

1/ Cd with increasing frequency. 

and the amplitude is  about t o  begin t o  fa l l  off as 

I n  principle,  e i ther  the amplitude or phase of the modulation signal could 

be measured t o  determine the parameter 

becomes measurable at  a lower frequency than the amplitude dependence, it has been 

the preferred experimental quantity. 

electron current changes. 

detector tuned t o  the modulation frequency. 

rate appear as white noise i n  the freqcency domain and cause fluctuations i n  the 

instw-taneous phase and amplitude. 

T , but because the phase dependence 

The phase i s  also icdependent of pressure and 

The measurements axe made with some so r t  of narrow band 

The s t a t i s t i c a l  f luctuations i n  photon 

Cascading 

The major problem with the use of electrons f o r  excitation i s  tha t  higher s t a t e s  

than the  one under study may be excited and populate the desired state by cascading 

t rans i t ions .  We can analyze the frequency response of a system with cascading by 

characterizing an energy state as an input-output device with a t ransfer  function 

(frequency response) of ( 1+ ioT)- l  where T i s  the l i fe t ime of the s t a t e .  In- 

puts then a re  excitations,  e i ther  by col l is ion o r  by a cascading t rans i t ion  and out- 

puts are ( the  modulation o f )  radiations. 

the  upper s t a t e  with l i fe t ime 

a rate 8 R by one cascading t ransi t ion from a higher state with l i fe t ime T. 

can c a l l  the cascading fraction. Assume the higher s t a t e  t o  be d i rec t ly  excited. 

A s  a simple model f o r  such cascading, assume 

i s  excited at  a r a t e  R by d i rec t  excitation and at  

We 
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The frequency response of the system becomes 

The ef fec t  of such a cascading process is t o  add a spurious phase sh i f t :  - 

c -1 t o  the normal s h i f t  8 = Tan ( w 'T ). This adds a "hump" onto the phase- 

frequency curve. The hump has q ma&mum at W =  iW/T and, if g<< 1 
has a maximum value of 

, 

6 /2 
Often, the cascading l i fe t imes a re  l d g e r  than the l i fe t imes of the s t a t e s  

into which they cascade ( T )  

as an anomalously large phase s h i f t  a t  low frequencies where the normal phase s h i f t  

i s  small. The analog of t h i s  effect  i n  a time dis t r ibut ion experiment i s  tha t  

). In  such cases, the  cascading phase s h i f t  appears 

such cascading produces an anomalously large photon f lux  a t  large time delays. 

Apparatus 

The experimental apparatus i s  indicated i n  Fig. 1. Shown i n  the upper l e f t  

hand corner, a d i rec t ly  heated tungsten cathode emitted electrons f o r  the excitation 

of the sample gas. 

applied t o  both the second and th i rd  grids. 

The electrons were accelerated t o  a voltage V (20-150 vol t )  

The region between these grids w a s  about 

about 5A of spectral  resolution, suff ic ient  t o  i so l a t e  many individual. atomic m u l t i -  

p l e t s  or vibrational bands of CO" and other molecules. The sample gas w a s  inserted 

in to  the system through a hollow anode and had i t s  highest pressure i n  the excitation 

region. Tne electron current w a s  modulated approximately sinusoidally a t  a frequency 
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f by a signal applied t o  the f i r s t  grid of the electron source. 

spaced logarithmically from 0.YMc t o  54 Mc, as w e l l  as 45 Mc, were available f o r  use. 

'Ifhe photocurrent produced w a s  thus modulated a t  a frequency f and contained the phase 

information desired. Because the anode voltage V w a s  fed i n  through a terminated 

coaxial cable, it w a s  possible to  measure the phase s t a b i l i t y  and waveform of the 

electron current. 

Nine fixed frequencies, 

The rf path around the r igh t  hand side of Fig. 1 carried a reference signal 

a t  a frequency f + lOOcps produced by the side-band generator. This signal w a s  

mixed with the photon signal t o  form a 100 cps beat a t  the output of the communications 

receiver. I f  a phase s h i f t  occurred i n  e i ther  of the outside rf paths shown i n  

Fig. 1, an equal phase change was produced i n  th i s  100cps; beat signal.  After some 

f i l t e r i n g ,  the amplitude and phase of t h i s  signal were measured. Note t h a t  the  

voltmeter on the output of the 100 cps f i l t e r  measured a signal proportional t o  the 

high frequency modulation i n  the photon f l u .  

time in te rva l  counter and averaged phase over an a r b i t r a r i l y  long period. 

a phase measurement consisted of an average over 100 seconds with a photoelectron 

r a t e  of roughly 1000/sec. 

approximately 2 

The d i g i t a l  phase meter was  a modified 

Typically 

Such measurements exhibited a random phase spread of 

0 

The following points were found t o  be important f o r  the proper operation of the 

The system had t o  be w e l l  shielded t o  prevent unwanted rf leakage paths, apparatus. 

especial ly  from source grid t o  the receiver input. 

t o  possess en~1.1@ dp-amic rcnge te c g r y  the p h n t ~ c  shn t  ~oise zs we= as the IWcgs 

modulation. That is ,  it had t o  pass the photomultiplier pulses. The side-band 

generator had t o  have an output f r e e  from the frequency f and f r ee  from the  unwanted 

side-band, f minus 100 cps. 

&. 

The communications receiver had 

In practice, these unwanted signals have been kept below 

A cal ibrated delay l i n e  w a s  used t o  check the accuracy of the  phase measurements. 

A t  all frequencies , 
s h i f t  i n  t h e  lOOcps 

with the s ide band generator properly adjusted, the observed phase 

signal w a s  equal t o  the phase delay i n  the rf path t o  be t te r  than 5$. 



7 

Electran Voltage 

A study was made of dependence of phase reading upon electron voltage. In the 

range 50 to 150 volts, no measurable phase change was found with the transitions studied. 

Readings below 50 volts or near threshold were considered unreliable because of the 

relatively small signal level obtainable and because any small modulation of electron 

energy could produce a phase error near threshold. 

effects, it was felt that any attempt to operate near threshold for the purpose of 

reducing cascading transitions would produce uncertain results. 

here were obtained using electron voltages Eear 1OOV. 

Because of these low-voltage 

The results reported 

Spectral Purity 

It was found that it was very important to exaxnine the spectral purity of the 

Cases were found in which the presence of unwanted spectra radiation under study. 

produced significant anomalies in the phase measurements. 

here were made with a quartz wicdow in front of the photomultiplier when necessary to 

eliminate some specific 2 

were not sufficiently "clean" due to the low resolution obtainable are not reported 

here. 

The measurements reported 

nd order interference. Some cases which were studied which 

TTT nT;Imrrmrt 
I V .  L ~ U V U I O  

The Zero Phase Standard 

The use of t'ne delay line f o r  calibration determines that the system accurately 

However, the absolute phase reading for zero time delay measures changes in phase. 

in the excitation-emission process must be determined for each frequency. 

delays such as the delays in the cables and the sideband generator could be determined 

fairly accurately but the delays associated with transit time of the electrons in the 

System 



8 

I 
source and i n  the photomultiplier are neither constant nor easi ly  determined. Tne 

photomultiplier delay, f o r  example, i s  on the order of 20 nsec. The zero phase reading 

i a t  each modulation frequency i s  determined from measurement of the phase of a 

standard t rans i t ion  whose phase s h i f t  i s  known and preferably small. All of the  ex- 

I perimental phase values were obtained as differences between phase meter readings 

obtained with radiation at two d i f f e re r t  wavelengths. The monochrometer wave- 

length drive w a s  moved between the two wavelezgths under study after each phase 

determination. Successive phase differences thus obtained were sometimes corrected 

by one or  two degrees i n  order t o  compensate fo r  the presence of a small amo-mt of 

the frequency f i n  the output of the side-band generator. 

+ 
I n  the  measurements reported here, an atomic multiplet of N at 1086A 

w a s  used i n  obtaining a comparison standard. I n  the search for  a suitable zero- 

phase reference, the re la t ive  phase shifts of several strong atomic l ines  w e r e  

measured as a function of frequency. 

merits on CO 

A t  the lower freqcencies used f o r  the measure- 
, .  
I + reported here, the N+ 1086A t rans i t ion  exhibited the smallest phase 

shift.  This w a s  interpreted as a strong indication that it i s  f r e e  from cascading 

effects  under the excitation conditions used. 

2sQ3, 3D0 - 2s2Q2, 3P icvolving the excitation of an inner electron. There i s  

only one known, higher lying state which could populate th i s  3D0 state by dipole 

The l i n e  i s  produced by the t r a m i t i o n  

I *  radiat ion i n  a "single electron jump". A search w a s  made with a windowless photo- 

mult ipl ier  f o r  the radiation of t h i s  cascading t rans i t ion  at  8 3 2 ~ .  

$33 was Tound wifn a strength ol' about 5$ of tha t  of the 1086Amultiplet. 

Radiation neaz 

However, 

a study of 83.2~ strength as a function of electron voltage showed the radiation t o  

I p e r s i s t  down t o  35 v o l t ,  whereas the threshold fo r  the cascading state i n  question is  

55 volt .  The 8 3 2 ~  radiation w a s  therefore a t t r ibuted t o  an 011 resonance l i n e  excited I 

f r o m  O2 impurity in  the N 

2$ fo r  the strength of the cascading. 

sample gas. It i s  f e l t  that a cooserva-bi-w upper l imi t  i s  2 
A 2$ cascading contribution towards the 1086A 
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multiplet could cause a maximum error  of  3% i n  the determination of the lifetime of the 

CO bands. 
+ 

- 
I n  order t o  obtain a l i fe t ime and hence a phase sh i f t  f o r  the 1086~ radiation, 

a comparison w a s  made between the phase of Lyman alpha radiat ion excited i n  methane 

and 1086A excited in  N2. The observed phase difference as a function of frequency 

indicated appreciable cascading il; the H atoms emitting the Lyman alpha radiation, 

largely due t o  the 3d-2p m e r  component. 

of the H s t a t e s  (CONDON & SHQR- (5 ) )  and the experimental phase measurements t o  

determine the cascading fract ion 

the aid of equations (4)  and (2) .  

(1086~) has been added to ,  and the phase l a g  of a 1.6 nsec t rans i t ion  (1216~) has 

been subtracted from the experimental phase differences. The remaining phase s h i f t  

w a s  found t o  f i t  equatioc (4)  w i t h  a cascading fract ion 6 = 0.44 and T = 15.6 nsec 

( the l i fe t ime of the 3d state of H) as i s  shown i n  Fig. 2. 

the l i fe t ime 

the cascading fract ion i n  Ii were determined by aa i t e r a t ive  process. 

Use was made of the calculated l i fe t imes 

, and the l i fe t ime of the 1086~ l i n e  with 

I n  Fig. 2 the phase l a g  of a 2.25 nsec t rans i t ion  

To establ ish this  f i t ,  

r = 2.25 nsec f o r  the 1086A radiation and the valce of (3 = 0.44 as 

The sens i t iv i ty  of the f i t  t o  the values of these two parameters i s  such tha t  

the data are consistent with T = 2.25+*2 nsec and = 0.445.1 . The cer ta in  

presence of some additional cascading from other E states and the poss ib i l i ty  of a 

small amount of cascading ir-to the 1086~ upper s t a t e  increases the uncertainty of 

the  value of V t o  perhaps 21 nsec. It w i l l  be noted f o r  example, that the deviation 

of the points i n  Fig. 2 from the cascading huq  at the lowest frequeccies can be 

interpreted as being caused by the presence of cascadirig f r o r  longer l ived s ta tes  

of H. 

s i t ua t iun  i s  the 4d-2p m e r  c0mpanen.t which has a l i fe t ime of 36.5 nsec. 

Probably the next most impor ts t  contribution t o  the cascading i n  t h i s  

A n  mcer t s in ty  of f 1 mec ~I-L the value of the z e r ~  reference l i fe t ime Causes 
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approximately& 6% uncertainty in the determined lifetime of the CO bands. 

effort is being made to determine more accurately the lifetime of the 1086~ multiplet 

and of other atomic states. 

Further 

Photon entrapment 

Errors can occur in a lifetime determination if the upper state of the tFansition 

under study can be optica'Lly populated by the absorption of photons emitted by the same 

system. The apparent lifetime variation caused by such an entrapment of photons is 

dependent on the pressure of the source gas. The lifetimes reported here showed no 

significant dependence upon source pressure over a range of eight to one. This was 

expected because: 1. CO was produced in small quantities by electron collisions 

with CO and the CO ions cannot survive with appreciable density. 2. The He 

transition at 3889A used as a check on the method does not suffer entrapment because 

the triplet states of helium do not connect optically with the ground state of 

helium. 

were used in the determination of the zero phase refereme of the system. 

hydrogen Lyman alpha transition was studied by means of collision of electrons with 

CH4, H2, m d  NfI In these cases, the H atoms are produced in small quantities and 

are pumped out of the system quickly enough to prevent a siaificant build up of 

their dena5t.y- 

atomic spectra prevents errors due to entrapment, it makes it difficult to predict 

t h e = r & y j ~ ~ ~ y  ZCkTt of cascading iEto $0 pp state of E. 

+ 

+ 

3. A s  explained earlier, the known properties of hydrogen energy levels 

The 

3' 

Alfho??gh the lire cf mnlec1fies as a s ~ p l e  gas fcr t h e  e t .~Zy  =f 

Molecular Dissociation 

In the studies of atomic spectra excited by collisions of 100 volt electrons with 

molecules, it has been assumed that the dissociation of the molecules into excited 

atoms takes place without delay. The molecular dissociation is expected to take place 



within the period of a molecular vibration, i: e. approximately sec. Compayisons 

2,  CHk, and I" of phase measurements of Lyman alpha radiation excited i n  H 

ment at  high frequencies and disagreement at  low frequencies. 

shift found a t  low frequencies with different parent molecules w a s  a t t r ibuted t o  

different  amounts of cascading caused by differences i n  the production of 3d r e l a t ive  

t o  2p hydrogen atoms. 

molecular dissociation process does not introduce a measurable delay. 

shawed agree- 3 
The difference i n  phase 

The agreement at the highest frequencies indicates t ha t  the  

H e l i u m  3889A 

A measurement of the  lifetime of the  He  t r i p l e t  l i n e  a t  38894 was used as a 

pa r t i a l  tes t  of the method. The large wavelength separation between t h i s  l i n e  and the  

1 0 8 5 A  reference multiplet necessitated a change i n  phototubes between the  two wave- 

lengths. A t rans i t ion  of T J I  at 1740A was used as a secondary phase standard which w a s  

accessible t o  both phototubes. The l ifetime of the  38891 l i n e  obtained from the phase 

measurement a t  three appropriate frequencies i s  105+5nsec. This value compares favor- 

ably with other experimental values; 115+5 - and 106+5 - obtained by HERON, e t  al. ( 6 )  and 

BE?JIJXTT and DALBY(7) and also with some theoret ical  values l i s t e d  by 

- 

Because 

this l i fe t ime is  w e l l  within the frequency range of the  equipment, the phase measure- 

ments w e r e  made a t  high eriough frequency and phase s h i f t  t o  minimize any error caused 

by cascading. 

- CO" 

The f irst  negative band system of Cot, (B ' E  - X 'z ) w a s  excited with good 

in tens i ty  by the electron beam i n  CO a t  approximately one micron source pressure. 

The l i f e t i m e  of some of these bands w a s  determined from several phase measurements 

a t  modulation frequencies of 3.03, 5.4, and 9.6 Mc. and the application of equation (2) .  

These frecpencies gave phase sh i f t s  i n  the neighborhood of 'c5 , tne phase whic,h gives 0 
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the most accurate l i fe t ime determination f o r  a given phase error.  

ference w a s  obtained from the 1 0 8 6 A  N multiplet as  previously explained. 

are l i s t e d  i n  Table I. The mean lifetimes of the v '  = 0,1, 2 levels  are 39.5, 39.5, 

and 38.8 nsec, respectively. The error  estimate on the lifetime, * 104, includes 

an estimate of the s f s t emt i c  errors i n  the phase measuring system and i n  the zero 

phase reference. The differences i n  l ifetimes of the  v = 0,1,2 states were obtained 

The zero phase re- 

+ 
The results 

from 

t o  f 

r e l a t ive  phase measurements between the  bands. 

1 nsec. 

It is  f e l t  that there i s  negligable error  due t o  cascading into 

The differences are accurate 

2 the  B states 

because : 

1. 

for  a cascade-free t rans i t ion  (Equation (1)). 

2. The measured lifetimes of the v = 0,1, 2 levels  agree very closely, whereas 

cascading would most l i ke ly  contribute different ly  t o  the three levels.  

3. 

The measured dependence of phase upon modulation frequency &pees with tha t  expected 

+ No higher s t a t e s  of CO have ever been observed i n  emmission. 

In  order t o  obtain t rans i t ion  probabili t ies for  the  various t ransi t ions from the  

2 
B X vibratioEal levels ,  the electronic and vibrational branching r a t io s  m u s t  be 

determined. 

2300A) t o  that of the B - A (BALDE2-JOZ7SON) system (3600-4200~) w a s  approximately 

determined by intensi ty  measurements of the  modulated signal. 

system i s  weakly excited i n  an electron beam i n  comparison t o  the A - X (Comet t a i l )  

system which falls i n  the same wavelength region. However2 the  long lifetime of the 

A - X system ( 

grea t ly  reduced a t  the modulation frequency used (5.4 Mc). 

i den t i f i ca t ion  and approximate determination of the strength of the B - A band system 

i n  s p i t e  of the low spectral  resolution available. 

monochromator and photomultiplier w a s  determined between 2537A and 4xx)A with the aid 

The r e l a t ive  strength of the B - X (first negative) band system (2000- 

Normally the B - A 

2.5 sec) meant that  the signal due t o  t h i s  t rans i t ion  w a s  

This ef fec t  allowed the  

The re l a t ive  sens i t iv i ty  of the 
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of an auxi l iary grating, a calibrated photomultiplier and a mercury spectral  

Zamp. 

the t rans i t ion  probability of the B - A system compared t o  the  B - X system. 

The emission in tens i t ies  of some of the stronger bands were measured i n  

7 The measurements yield a value of lo$, within a factor  of two, fo r  

2 
order t o  obtain the  branching r a t i o s  from a given vibrational leve l  of B f 

t o  the various vibrational leve ls  of X Z . 
chromator-detector combination w a s  roughly constant over the  wavelength 

r igion involved (UOO-26OOA). 

of the r e l a t ive  t rans i t ion  probabili t ies from a given upper s ta te .  

Av lv'? obtained from these re la t ive  values are l i s t e d  i n  Table I and are accurate 

t o  within about 5% of the t o t a l  t rans i t ion  probability, Ad, or 40% of the 

Av Iv11 value, whichever i s  smaller. 

t o  be Av, = 0.9 / rv ,  

2 The efficiency of the mom- 

The measured photocurrents w e r e  used as measures 

Values of 

The t o t a l  t rans i t ion  probabili ty i s  taken 

, thus allowing lo$ of the photon f lux  for the  B - A 

system. The band head wavelengths are taken from PEARSE and GAYDON (8) . 
The r e l a t ive  strengths of t he  bands i n  the system also give r e l a t ive  

exci ta t ion cross sections f o r  the v'  = 0,1,2 levels  of the B L s t a t e .  

The values obtained a re  60, 32, and 8$,respective1~ which agree reasonably w e l l  

with the  calculated FRANCK-CO~XDOiT factors of W A C K S  (9) which are 68.8, 23.8, a d  

5.&, respectively. 

2 

An extensioll of the Avlv l l  vall;es t o  bands not l i s t e d  i n  Table I can be made 

with the  a id  of calculated vibrational brarching ra t ios ,  such as the ??RA.E€K- 

C0M)ON factors  published by IJICHOUS 

combinations included i n  Table I, by multiplying the measured A w i t h  

NICHOLLS' FRANCK-CONDON factor ,  then agreement with the  measured A v l v I I  

tained within 0.5 x 10 sec . 

. If the same is  done for v' v" ( i o  j 

V '  

is  ob- 

6 - I  

For use with measurements of absorptio2 intensi ty ,  electronic-vibrational 

o sc i l l a to r  strengths f I axe obtained from the  relation 
2 2 

f v  ' v t t  = k,,,, 1.51 sec/cm 



t 

4 

14 
. 
The ratio of statistical weights is unity for the B - X system. The sum of the 

over v" = 0 ,  1, 2, 3, 4 with v" = 0 is 0.0182 .0018 which can be used as fv'v" 
+ an electronic oscillator strength f o r  the CO B - X system. 
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Table I CO+ B - X Wansition Probabi l i t ies  

0 39 9 553 22.8 
0 11.4 =go -0082 
1 8.0 2300 .0064 

3 45 2550 .0w4 
2 2.7 2419 -0024 

0 8.2 2112 -0055 

3 4.3 2446 0039 
4 1.1 2578 0011 

1 1.8 2215 .0013 
2 7 -0 2325 *a057 

1 39.5+3 22.8 

2 38.854 23.2 



Figure Captions 

9 

Fig. 1. Schemantic diagram of the  apparatus. Outside signal paths carry rf 

a t  0.54 t o  54 Mc. 

wavy l ines .  

The photon path through the spectrograph is  represented by 

Fig. 2 Cascading phase s h i f t  i n  H 1216~ excited from CH4. 

A phase dependence of 1.6 nsec for 1216~ and 2.25 nsec for 1086~ has been 

removed from the experimental phase differences. 

calculated cascading phase (equation 4) f o r  3d-2p (H)  with = 0.44 

The so l id  curve is -the 



1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8 .  

9. 

10. 

R.G. BE1\sNETT and F.W. DAL3Y, J. Ckem. P'nys. M. 32, 1111 (1960) 

F.W. DALBY, H a n d b u c h  der Physik, ~ o l .  27, p. 464. Springer Verlag, 

B e r l i E  (1964) 

W. DE1vpITRmER, Z. Physik l66, 42 (1962) 

E,U, CONDOM Theory of Atomic Spectra, p. 136. Tine University Press, 
Cambridge (1963) 

, ROSEKBL 

S. =ON, R.W,P. McmlRTER, and E.2.  REIODEEIICK, - Proc. Roy. SOC. 3 4 ,  565 (1956) 

R.G. BENNETT, and F.W. DALBY, J. C h e m .  Phys. 31, 434 (1959) - - -  
R.W. NICHOLLS, JQRST 

M.E. WACKS, - J. -- Chem Phys. k& 930 (1964) 

2, 433 (1962) 
CWI 

R.W,B. PEARSE md A.G. GAYDCIV, Tne Idect i f ics t ion of Molecular Spectra, p.  120. 
Wiley, New York (1963) 


